In countercurrent electromigration of molten binary mixtures with a common anion in which each cation is composed of two isotopes, the less mobile cation is enriched toward the anode, and, at the same time, the isotopes of this cation become distributed in a complicated way. Thus, the zone next to the anode where the heavy isotope is enriched is immediately followed by a region where a slight enrichment of the light isotope occurs, while for the more mobile cation the heavy isotope is enriched in both these regions. This phenomenon has been observed in experiments with the systems (Li-K)N0 3 and (Li-K)Cl and it has also been reproduced by analyzing the flow equations for the constituent components numerically with a computer. It is verified that the existing formulation for the calculation of the elementary separation factor holds independent of whether there is such an anomaly in the isotope distribution for the less mobile cation.
Introduction
In countercurrent electromigration of molten salts, which was invented by Klemm [1, 2] , the light cationic isotope is usually enriched toward the cathode and the heavy one toward the anode. In pure salt systems such as LiN0 3 [3] and KN0 3 [4] , however, an anomaly in the isotope distribution has been observed around the mouth of a separation column which opens into a large cathode compartment; light isotopes such as 6 Li and 39 K are slightly enriched in this part of the column, while the isotopic composition in the large cathode compartment remained unchanged. The interpretation of this phenomenon is still under consideration.
Apart from this, in a molten mixture of (Li-K) 2 S0 4 , a clear enrichment of the light isotope 39 K was found in some runs in a region between the zone near the anode with the expected enrichment of 4, K and one in which the initial composition remained [5] , This phenomenon could not, however, be interpreted at that time.
The purpose of the present paper is to show experimentally that the latter phenomenon is a very common one in such binary mixtures and also to Reprint requests to Professor A. Lunden, Department of Physics, Chalmers University of Technology, S-41296 Göteborg, Sweden. demonstrate that the profile of the apparently anomalous distribution of isotopes can be reproduced by solving numerically the differential equations for the flow of isotopic ions.
It will also be shown that even in such a case the elementary separation factor, or the mass effect, can be calculated from a formula that is well established for the case in which the isotopes are "normally" distributed.
Experimental Results
A large number of electromigration experiments have been carried out with approximately eutectic mixtures of (Li-K)Cl and of (Li-K)N0 3 . The electromigration cells were similar to those employed in previous experiments [6] . Thus, a separation column densely packed with silica powder of 100-150 mesh was held in a large cathode compartment. Depending on the type of the melt either chlorine or a mixture of nitrogen dioxide and oxygen was introduced at the cathode. The entire results will be published in the near future. We will show here only the results for the distribution of the chemical species and isotopes for a couple of typical examples.
In the case of the chloride, K + migrated faster than Li + at all accessible temperatures at the eutectic mixture, about 60 mol% LiCl. Therefore, Li + 0340-4811 / 83 / 0100-0097 $ 01.3 0/0. -Please order a reprint rather than making your own copy. Figure 1 .
Numerical Calculations
For binary systems with a common anion, in which each cation is composed of two isotopes, the distributions of the cations and their isotopes can be estimated by means of a computer. Since all the required data are available for the (Li-K)N0 3 system, this will be chosen as an example for the cal- In a separation column, the flows J per cross sectional area in the direction from the anode to the cathode are expressed for the ions specified by the subscripts by [1, 9] 
where u is the scalar component of the external velocity, ü the velocity of the countercurrent flow, c the concentration and D the effective diffusion coefficients.
From the condition of the electrical neutrality,
where z is the charge number, and therefore z Li = z K = + 1 and Z N o 3 = -1.
In countercurrent electromigration of molten salts, there is generally no volume flow in the separation column:
where V is the molar volume. The additivity of the molar volume for the mixture holds in this case [10] as well as many other cases. The electrical current density 7 d is expressed by
where F is the Faraday constant. For the isotopes 6 Li, 7 Li, 39 K and 41 K, relations quite similar to (1) and (2) hold:
where the subscripts 6, 7, 39 and 41 denote 6 Li + , 7 Li + , 39 K + and 41 K + , respectively, and it is assumed
Je+Ji=Ju,
where the abundance of 40 K is neglected, since it is very small (~ 0.00012). The relative difference in internal electromigration velocities* of the two cations is defined as 
From Eqs. (1) to (17), it follows (see the appendix)
where / = 6 Li, 7 Li, 39 K and 4I K, and An example of the calculated profile of the distribution of the cations and their isotopes is shown in Figure 2 . The input parameters used in this calculation (Table 3 ) are similar to those of the experiment reported in Figure 1 . The effective diffusion coefficients are unknown. They were tentatively assumed to be 1.5 times the self-diffusion coefficients in the same system, which were interpolated or extrapolated from the experimental data [8] with respect to concentrations and temperatures. The anomaly in the isotopic ratio of 7 Li/ 6 Li is distinctly observed, while there is no anomaly in Table 3. that of 4, K/ 39 K. If the effective diffusion coefficients are assumed to be larger, the region in which the chemical composition and the isotopic ratios change becomes longer and the amplitude of the anomaly decreases. All five velocities u 6 , u-j, w 39 , w 4] and w N O 3 depend on the composition of the melt, and we can expect this to be the case also for the relative velocity differences e c , e L i an d £k-In an electromigration experiment as well as in the numerical calculations, composition changes are obtained in a region between the anode and some point S f -beyond which all compositions remain constant. (S/ corresponds to approximately -Y = 7 cm in Figure 2 .) These composition changes will have some influence on the details of the distributions but not on the integrated deviation from the initial composition. Thus, an electromigration experiment gives the relative velocity differences corresponding to the initial composition at Sf. In the present calculations the composition dependences are taken into account for e c as well as for the diffusion coefficients ( Table 3 ). The elementary separation factors £ Li and s K are assumed to be constant, since their concentration dependence is still under evaluation from our experiments. Anyhow, the dependence of w L j and u K is mainly related with e c and not with e Li and e K -
Discussion
The cause of the anomaly can be analyzed by use of formulae. From the equation of continuity, Eq. (24) is derived: where dp 7 
(.X, 0/9/ = L{.Y, /)/CLI (-Y, t), L(.Y, t)= Pl (.Y, t)(dJ 6 (x, t)/dx) -P6(:Y, /)(0Y7(-V, T)/Ö.Y)
When L (x, t) is negative at . Y = JC and t = t, 6 Li is being enriched with reference to 7 Li at this position at this moment. Around the region S h to S d (see Fig. 2 ), diffusion contributes much less than electromigration to the total flux. That is, the main contribution to J and also to EY/E.Y is made by the first term of the righthand side of (18). Thus, for L(x, t) only the electromigration term is considered: L e{ (x,t) = (B A +B Q )(dp 6 
Further, for the present case where e c can be approximated by a linear function of p u with a slope a, L e i is rewritten as L el (.x, t) = (B A +B B )(dp 6 /dx) + (B c + aB D )(dp Li /dx).
At the chosen temperature and concentration e c is negative, see Table 3 , and its absolute value is always much smaller than unity. Hence B A is negative and B B is positive, while B A +BQ is negative. Since (dp 6 /dx) goes from positive to negative at S c , the first term on the right-hand side of (31) is negative between S a and S c but positive between S c and S d . The second term is negative in the whole region between S CI and S c/ , since (dp Li /dx) is negative and both B C and a B D are positive. The absolute value of the second term is larger than that of the first one in the region S c to S d where the two terms have opposite signs mainly because dp 6 On the other hand, for the more mobile cation, that is potassium ions in this case, the entity corresponding to L e \(x, t) is positive over the whole region from S a to S e , and therefore the heavier isotope 4I K is being enriched there.
Thus, in this kind of binary systems, an anomaly in the distribution of isotopes always occurs for the cation which is less mobile. Since the isotope effect of lithium ions is large, the anomaly is easily detectable experimentally. It should be mentioned, however, that this phenomenon is not limited to lithium isotopes. Our calculations for the binary system (Li-Rb)N0 3 , gave a small, but significant, anomaly for the rubidium isotopes, when the rubidium ion is less mobile than lithium. The isotope separation factor of pure rubidium nitrate is so small, £ Rb = 0.00074 for pure rubidium nitrate at 350 °C [12] , that one cannot hope to detect the anomaly in any laboratory experiment with molten (Li-Rb)N0 3 . It is, however, not surprising that the anomaly was not detected even for lithium isotopes in a number of previous experiments with binary systems. The anomalies could often have been Table 3 .
beyond the limit of accuracy of the mass spectrometric measurement owing to rather small elementary separation factors combined with large effective diffusion coefficients.
The length of the region where the change of the chemical composition is detectable depends on the precision of chemical analysis. Here, we assume tentatively that, when the ratio of the concentrations of the two cations differs by 2% from that of the initial one, the change would be detectable. The length between S CI and S e is longer than is expected from the diffusion coefficients alone, since in binary systems a flux in addition to the diffusion flux occurs from the restriction that there should be no volume flow along the separation column. Figure 3 also indicates that this length depends not only on the diffusion coefficients but also on the strength of the electric field.
The length of the region where the isotopic ratios change, which corresponds to that between S CI and S (l (or S'j), is shorter than that between S CI and S e , as seen from Figures 2 and 3 . This is probably because the change of the isotopic compositions around S d and Sj is caused mainly by the concentration gradient of the chemical compositions and further because £ Li and £ K are much smaller than £ c j in the present case. In a pure salt the length of enrichment is theoretically given by I Dt [1, 13] . As is expected, this length is much shorter than in binary salts; for example, /= 2.9 cm for D Ll = 4.80 x 1 (T   9   m 2 /s and t = 930 x 60 s, while the value of . Y for S d is 5.5 cm for a smaller average diffusion coefficient in the present case (see Figures 2 and 3) .
Although £ Li is considerably greater than e K , S' d is a little more distant from S a than S d is; for example, S (l and S^are 5.5 cm and 5.6 cm distant, respectively, in the case shown in Figure 2 .
The reason would be that for lithium ions the gradient of the chemical composition there conduces to enrichment of the lighter isotope 6 Li, which compensates for enrichment of the heavier isotope at the anode, while for potassium ions it is helpful also for that of the heavier isotope 41 K.
In Fig. 4 , the total separation factor at S c in the present case is given as a function of time for a few combinations of diffusion coefficients and current densities. It follows, as is expected, that the total separation factors deviate more from unity, as the current densities become larger and the diffusion coefficients become smaller.
Finally, in order to check the validity of the relations used for determining the relative differences in internal mobilities and the elementary separation factors in binary systems, we have calculated e c , £ L j, and for the distribution of the chemical elements and the isotopes yielded by the present numerical calculations.
As regards e c , the formula is [1, 5] 
where Q is the transported charge, and p° refers to the initial composition; the summation is taken over the part where the change of the initial composition is observed.
As for e Li , the formula is given by [5] Table 3 .
For £ K , a quite similar formula is given. From the distribution of the chemical and isotopic compositions produced by the numerical calculations, the input values of e c , £ L j and £« can be exactly obtained by using (32) and (33). This proves that (32) and (33) are valid also when an anomaly appears. Incidentally, if in the calculation of e c , £ Li , and £ K the summation is truncated at S e , S d , and S d , respectively, the obtained values of j£ c |, £ Li , and £ K are lower by 0.2%, higher by 0.8% and lower by 2.7% under the condition given in Table 3 . The errors become larger if the duration is shorter, current densities are lower, and the effective diffusion coefficients are larger. For accurate experimental determination of e c etc., therefore, electromigration under the conditions of long duration, large current densities and small effective diffusion coefficients is desirable.
If one is not aware of the possibility of anomalous isotope distributions for electromigration experiments with mixtures, there is a risk that too large isotope effects are reported for the element for which the anomaly occurs. This is specially the case when the facilities for mass analyses are restricted.
Thus either if the analyses are stopped when the normal isotope ratio is obtained (position S b of Figure 2 ) or when the isotope composition becomes the same for two adjacent samples (region near S c ), calculations according to (33) give a too large isotope effect. Thus there is a possibility that the very large isotope effect found by Klemm, Hintenberger and Hoernes [2] for potassium in a LiCl-KCl mixture with a low concentration of KCl can be affected by an anomaly in the separation column.
In conclusion, in countercurrent electromigration of binary molten system with a common anion, an anomaly appears in the isotopic ratio of a less mobile cation in a separation column on the anode side; an anomaly in the opposite direction would be observed for a more mobile cation on the cathode side. The anomaly is caused mainly by the concentration gradients of the cations. Numerical calculations by means of a computer are useful for analysis of the flow of several components containing diffusion terms as in the present case.
The calculations were performed with FACOM M-160 computer at Tokyo Institute of Technology. We are grateful to Mr. M. Lövenby for mass spectrometric analysis. The experiments at Chalmers University of Technology were supported by the Swedish Natural Sciences Research Council. Substitution of (A 9) and (All) into (7) by use of (4) leads to (A 12), which is the case for 6 Li in (18). 
